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Abstract 
 
The present work deals with methods to separate solid particles and liquid droplets out of a flowing 
gas stream so that certain measurements can be made on the pure gas. Various processes achieving high 
performances can be employed which involve centrifugal separation and inertial separation. In centrifugal 
separation an inlet with the shape of a screw transforms an axial gas flow into a spiral flow. In inertial 
separation the sudden changes in flow direction introduced by physical obstacles create a meandered gas 
flow path. Both methods result in separation of the heavier phase from the gas. The process aims to 
ensure a fast and continuous flow of gas entirely free of particles through the tool.  
This study compares centrifugal and inertial separation processes in small-sized separators at low gas 
velocities. Computational Fluid Dynamics (CFD) methods are presented to evaluate and optimise gas-
solid-liquid separation. Calculations are performed using the CFD code ANSYS Fluent 15.0. The 
separation of solid particles is evaluated using the particle tracking method and the residence time of the 
gas inside the tool is calculated using a tracer (User-defined scalar). The behaviour of liquid droplets 
when in contact with a surface is investigated. Multiphase flow simulations are carried out to identify 
how re-entrainment of accumulated liquid droplets can be prevented. 
This study shows that the best separation is achieved with the inertial model. It operates efficiently for 
a wider range of particle diameters due to a better control of gas flow rate inside the tool. Hereby physical 
barriers in form of baffles reduce velocity and increase the residence time of the gas. This however can 
lead to particles being bounced off these baffles which prevent them from flowing through the tool. 
In comparison centrifugal separation shows poor separation efficiency for small particles due to low 
centrifugal forces involved. Increasing the intensity of the screw-shaped inlet only yields a slight 
improvement in separation efficiency. The gas flows faster through centrifugal models due to low 
tangential velocities of the spiral flow, hence, reducing the residence time. Particle tracking allows an 
accurate quantification of the performance of a wide range of separators whereas multiphase flow 
simulations highlight areas of liquid accumulation. The transient simulation models created can be used 
to optimise the separator design by identifying the behaviour of droplets and their tendency to either 
accumulate or re-enter the gas stream.  
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Abstract  
 
The present work deals with methods to separate solid particles and liquid droplets out of a flowing gas stream so that 
certain measurements can be made on the pure gas. Various processes achieving high performances can be employed which 
involve centrifugal separation and inertial separation. In centrifugal separation an inlet with the shape of a screw transforms an 
axial gas flow into a spiral flow. In inertial separation the sudden changes in flow direction introduced by physical obstacles 
create a meandered gas flow path. Both methods result in separation of the heavier phase from the gas. The process aims to 
ensure a fast and continuous flow of gas entirely free of particles through the tool.  
This study compares centrifugal and inertial separation processes in small-sized separators at low gas velocities. 
Computational Fluid Dynamics (CFD) methods are presented to evaluate and optimise gas-solid-liquid separation. 
Calculations are performed using the CFD code ANSYS Fluent 15.0. The separation of solid particles is evaluated using the 
particle tracking method and the residence time of the gas inside the tool is calculated using a tracer (User-defined scalar). The 
behaviour of liquid droplets when in contact with a surface is investigated. Multiphase flow simulations are carried out to 
identify how re-entrainment of accumulated liquid droplets can be prevented. 
This study shows that the best separation is achieved with the inertial model. It operates efficiently for a wider range of 
particle diameters due to a better control of gas flow rate inside the tool. Hereby physical barriers in form of baffles reduce 
velocity and increase the residence time of the gas. This however can lead to particles being bounced off these baffles which 
prevent them from flowing through the tool. 
In comparison centrifugal separation shows poor separation efficiency for small particles due to low centrifugal forces 
involved. Increasing the intensity of the screw-shaped inlet only shows a slight improvement in separation efficiency. The gas 
flows faster through centrifugal models due to low tangential velocities of the spiral flow, hence, reducing the residence time. 
Particle tracking allows an accurate quantification of the performance of a wide range of separators whereas multiphase flow 
simulations highlight areas of liquid accumulation. The transient simulation models created can be used to optimise the 
separator design by identifying the behaviour of droplets and their tendency to either accumulate or re-enter the gas stream.  
 
Introduction  
 
From the ability to perform basic down-hole temperature measurement in 1940, production logging methods have 
advanced to state of the art technology used to measure detailed production information in extreme conditions. Logging tools 
monitor production performance, detect anomalies and provide information for reservoir characterisation; their application is 
necessary in today’s commercial oil and gas production (McKinley, 1982). More advanced technology concerns the 
characterisation and quantification of individual phases and even composition within a produced fluid. The present work deals 
with methods to separate solid particles and liquid droplets out of a flowing gas stream so that certain measurements can be 
made on the pure gas. Separating or removing particles from a gas flow can be achieved through several different methods 
such as mesh grids, settling, centrifugal process, coalescence of particles, physical barriers or obstacle etc., just to name the 
most common methods. The majority of these techniques are very efficient in removing small particles, provided they operate 
under high gas velocities and in big separators (Utikar et al. (2010)). The focus hereby lies on the optimisation of the 
separation process in a small separator at low gas velocities. Moreover gravity effects adversely impact the separation process 
and lead to an unfavourable re-entrainment of separated particles. Different concepts aim to separate particles within a gas 
stream flowing into a pipe as illustrated in Figure 1. Located on a production logging tool string, the tool aims by different 
means to allow only a gas entirely free of liquid droplets and sand particles to enter the chamber of the separator, also referred 
as the cavity. This clean gas flows through the tool in a time called residence time before escaping through outlets. 
 
Imperial College 
London 
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Figure 1 - Separation process 
 
In inertial separation, separation occurs from changes in the flow directions and velocities due to a control of the rate with inlet 
and outlet holes or through the application of physical obstacles that create a meandered flow path of the gas stream. The 
increased flow area creates additional friction which mainly affects heavier phases (liquid droplets and solid particles). Solid 
particles are bounced off walls and liquid droplets start coalescing with each other and become heavier. In both cases they are 
separated from the gas stream, allowing the gas to flow ahead at a higher velocity. Cyclone separation relies on the difference 
in centrifugal forces between a liquid and a solid particle to that of gas. These separators are commonly used for gas at high 
tangential velocities. They are characterised by high centrifugal forces, providing a highly efficient separation even for very 
small particle sizes. After this separation process, particles settle and accumulate at the bottom of the separator due to 
gravitational forces. Here, the gas flows with a low axial velocity where small particles cannot be collected with a filter due to 
the small size of the separator. For this study, two techniques are considered. The first using a centrifugal separation; here gas 
enters the chamber through a screw-shaped inlet which transforms the axial mist flow into a spiral mist flow by giving it a 
tangential velocity. As heavier particles experience a higher centrifugal force than the gas they tend to flow away from the 
spiral flow and do not enter the chamber. The second technique uses baffles and rate control. Inlet and outlet holes regulate the 
rate of fluid inside the tool and physical obstacles create a meandered flow of the gas stream due to sudden changes in flow 
direction preventing particles from entering and from flowing into the tool.  
Advantages and drawbacks of each technique are discussed in this paper in order to provide a model that satisfies the 
following criteria: 
 An efficient separation of liquid and solid to prevent particles entering the chamber of the separator 
 A low gas residence time of the gas in the chamber.  
This study presents Computational Fluid Dynamics methods and calculations to predict, evaluate and enhance the separation 
process of a gas-liquid-solid separator. The models were created using GAMBIT. The numerical solutions were carried out 
using spread-sheets and the commercial CFD code ANSYS-Fluent 15.0. In addition this paper also proposes a numerical 
method to quantify the performance of a separator. 
 
Computational Fluid Dynamics Approach 
 
ANSYS-Fluent is commercial CFD software using the finite volume method to solve the fluid dynamics equations. This 
program is capable of carrying out the physical modelling of turbulent single phase flows as well as multiphase systems by 
applying the Eulerian or the discrete phase models.  
 
Single phase system: Gas free of particles 
The gas considered in this study is methane and follows the ideal gas law, 
𝑃𝑉 = 𝑛𝑅𝑇        (1) 
where P the pressure, V the volume, n the mole number, R the ideal gas constant and T the temperature. 
Therefore, methane with a density of 0.6679 kg/m3, flowing at 100 bar pressure is modelled by methane with a modified 
density of 66.79 kg/m3at atmospheric pressure. This considerably simplifies the problem. Fluent solves the conservation 
equations for momentum and continuity: 
𝜌 (
𝜕𝑈
𝜕𝑡
+ 𝑈. 𝑔𝑟𝑎𝑑(𝑈)) = −𝑔𝑟𝑎𝑑𝑃 + 𝜇∇²𝑈     (2) 
𝑑𝑖𝑣(𝜌𝑈) = 0       (3) 
In fluid dynamics, a flow is characterised by the Reynolds number which compares the effects of inertia to viscous forces. 
𝑅𝑒 =
𝜌𝑈𝐿
𝜇
        (4) 
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Here 𝜌 represents the fluid density, U the fluid velocity, L a length scale of the problem and 𝜇 the fluid viscosity. 
Several models are available to account for turbulence effects. In the conditions of the problem, the flow is fully turbulent even 
at low velocities (𝑅𝑒 > 30,000) hence it is consistent to consider the RNG 𝑘 − 𝜖 model. This model gives the best description 
of a fully turbulent flow with moderate swirl effects. It provides an analytical formula for turbulent Prandtl numbers and an 
analytically-derived differential formula for effective viscosity that accounts for low Reynolds number effects. Therefore this 
model is more reliable and accurate for a wider class of flow than the standard 𝑘 − 𝜖 model. It is also used for simulations with 
cyclone separators and provides a good match between experimental data and simulation results (Gimbun et al. (2004) and 
Erdal et al. (2000)). The two following equations are solved to describe the effects of turbulence. The first variable k is the 
turbulent kinetic energy and 𝜖 is the turbulent dissipation which describe the rate of dissipation of the turbulent kinetic energy. 
 
𝜕𝜌𝑘
𝜕𝑡
+
𝜕𝜌𝑘𝑢𝑖
𝜕𝑥𝑖
=
𝜕
𝜕𝑥𝑗
(𝛼𝑘𝜇𝑒𝑓𝑓
𝜕𝑘
𝜕𝑥𝑗
) + 𝐺𝑘 + 𝐺𝑏 − 𝜌𝜖     (5) 
𝜕𝜌𝜖
𝜕𝑡
+
𝜕𝜌𝜖
𝜕𝑥𝑖
=
𝜕
𝜕𝑥𝑗
(𝛼𝜖𝜇𝑒𝑓𝑓
𝜕𝜖
𝜕𝑥𝑗
) + 𝑜 (
𝜖
𝑘
) + 𝑜 (
𝜖2
𝑘
)     (6) 
 
Here 𝐺𝑘represents the generation of turbulence kinetic energy due to the mean velocity gradients, 𝐺𝑏 describes the generation 
of turbulence kinetic energy due to buoyancy and 𝛼𝑘 and 𝛼𝜖are the inverse effective Prandtl number for k and 𝜖. The intensity 
of turbulence I and the hydraulic diameter are inputs of the model. At V=0.1 m/s the following values are used: 
𝐼 =
𝑢′
𝑈
= 0.16 𝑅𝑒−
1
8 ≈ 5% 
𝐷𝐻 = 0.05 𝑚 
Single-phase steady state calculations allow estimation of the gas residence time in the cavity of the separator. 
 
Discrete Phase Model: Gas laden with sand particles 
In the Lagrangian approach, liquid and solid phases are studied as particles flowing in the gas which is considered as an 
Eulerian continuum fluid. Their trajectories are calculated with the discrete phase model (DPM) from the gas flow. Each 
particle is tracked through the gas flow by a one-way coupling method. Particles trajectories do not affect the gas flow but 
experience a drag force from the gas. Particles trajectories are predicted by integrating the following balance equation through 
the fluid domain: 
𝑑𝑢𝑝
𝑑𝑡
= 𝐹𝐷(𝑢 − 𝑢𝑝) +
𝑔𝑥(𝜌𝑝−𝜌)
𝜌𝑝
      (7) 
Gas stream acts upward on the particle with a drag force 𝐹𝐷 while buoyancy acts downward. The response time of a particle is 
𝜏𝑝 =
𝜌𝑝𝑑𝑝
2
18 𝜇 𝐹𝐷
 
This response time depends on particles diameter and particles density which are the parameters investigated. The drag factor 
is defined as 
𝐹𝐷 =
18 𝜇
𝜌𝑝𝑑𝑝2
 .
𝐶𝐷𝑅𝑒
24
 
where Re is the particle Reynolds number and 𝐶𝐷 the drag coefficient for solid particles, is defined according to Morsi and 
Alexander’s spherical drag law (𝑎𝑖 are constants of the model): 
𝐶𝐷 = 𝑎1 +
𝑎2
𝑅𝑒
+
𝑎3
𝑅𝑒2
 
This method proved to be applicable to cyclone separator from comparison with experimental data (Gimbun et al. (2004)). To 
account for turbulent dispersion due to continuous phase turbulence, a stochastic model is considered which makes the model 
more realistic. The fluctuations around a mean trajectory are calculated using a random walk process. Results can be greatly 
affected by the turbulent dispersion (Erdal et al. (2000)) therefore the meshing method is adapted to ensure a good 
representation of these effects: the fine grid used ensures injection of a high representative number of particles. With this 
method all the particles are treated like solid particles. This allows comparison of the separation efficiency for different 
particles densities. Particles mass rate is 1% of the gas mass rate. 
 
Multiphase system: Mist gas 
 
In order to assess the liquid droplet separation efficiency an Eulerian-Eulerian model is considered. Liquid and gas both 
behave as fluids. This method allows considering the real behaviour of liquid particles which can accumulate on walls creating 
layers of liquid in the tool. These liquid wall-films are undesirable because, depending on the gas velocity, they can break up 
and droplets can re-entrained into the gas stream. Therefore the two phases are treated as interpenetrating continua and the 
distribution of phase volume fraction within the cavity is investigated. The regime considered is a droplet flow. 
𝛼𝑙𝑖𝑞𝑢𝑖𝑑 + 𝛼𝑔𝑎𝑠 = 1       (8) 
The Eulerian model solves momentum and continuity equations for each phase and coupling is achieved through the pressure 
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and interphase exchange coefficients.  
Designs 
 
The separation of particles from the gas stream is achieved through several methods relying on different physical principles. 
Two models of separators already exist: a model using centrifugal separation (model S1 in Figure 3) and a model using holes 
to control the rate (model H1 in Figure 7). Optimisations on each model are investigated to enhance performances. Models S2, 
S3, S4 and S5 use centrifugal separation and models H2, H3 and H4 rely on inertial mechanisms to separate. The design of 
each model is presented in Table 1 along with a description of its specific characteristic. The gas and particles flow from the 
left-hand side into a pipe whose radius is three times bigger than the radius of the tool to prevent side effects. For centrifugal 
separation purpose, the axial gas flow is transformed into a spiral flow by the mean of a screw-shaped inlet illustrated by an 
axis of rotation and arrows indicating the intensity of the spin: low, moderate, high or no spin (in this case, the gas flows along 
an axis). Model H1, H2, H3 and H4 are based on inertial mechanisms to separate. In these models, inlet and outlet holes 
control the mass rate inside of the separator. Models H2 and H3 investigate the effect of baffles to flow on separation and 
model H4 investigates the effect of the offset of outlets.  
 
Model name 2d Sketch Comments 
Model S2 
 
Figure 2 - Model S2 
Low spin intensity 
Model S1 
 
Figure 3 - Model S1 
Moderate spin intensity 
Model S3 
 
Figure 4 - Model S3 
High spin intensity 
Model S4 
 
Figure 5 - Model S4 
Moderate spin intensity and 
smaller chamber entry radius 
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Model S5 
 
Figure 6 - Model S5 
No spin intensity and no screw-
like shape, only an axis. 
Model H1 
 
Figure 7 - Model H1 
Rate control with holes 
Model H2 
 
Figure 8 - Model H2 
Rate control and meandering path 
Model H3 
 
Figure 9 - Model H3 
Rate control and physical obstacle 
Model H4 
 
Figure 10 - Model H4 
Rate control with holes without 
offset of outlets 
Table 1 - Designs 
The definition of the cavity for each model is presented in Table 1. 
CFD settings and Convergence 
 
In CFD the accuracy of results is led by the convergence of residuals which is the difference in the value of a variable between 
two calculation iterations, these are calculated at the end of each iteration for each variable. The lower the residuals the less the 
results will change and the more accurate the solution is. The convergence of residuals at a specific level confirms whether the 
solution is correct or not. To improve the accuracy of results the variation of a known variable is monitored (known from 
analytical solution) and iterate until this value does not change more than the level of accuracy that has been set. The level of 
residuals depends on the models chosen and on the initialisation; this is why particular attention is paid to the CFD settings 
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chosen. A good choice of models can lead to a faster convergence of residuals. In 3d simulations it is often difficult to obtain 
very low levels of residuals. In this study the stopping criterion for residual convergence due to the complexity of the geometry 
is 1e-5. CFD settings of Table 2 are used for simulations. 
 
 
Boundary conditions 
Inlet Velocity inlet 
Outlet Pressure outlet 
Separator wall Standard wall function 
Viscous 
Turbulence RNG-k-epsilon model 
Enhanced wall treatment 
Discretization – Single phase flow 
Pressure-velocity coupling Simple 
Pressure gradient Green Gauss Based 
Momentum 2
nd
  Order Upwind 
Turbulent Kinetic Energy 2
nd
  Order Upwind 
Turbulent Dissipation Rate 2
nd
  Order Upwind 
UDS- Residence time 2
nd
 Order Upwind 
Discrete phase modelling 
Assumption Spherical particle 
Maximum number of steps 500,000 
Particle-wall contact Perfect reflection 
Discretization – Multiphase flows, Eulerian-Eulerian 
Pressure-velocity coupling Simple 
Pressure gradient Green Gauss Based 
Momentum 2
nd
  Order Upwind 
Turbulent Kinetic Energy 2
nd
  Order Upwind 
Turbulent Dissipation Rate 2
nd
  Order Upwind 
Volume fraction QUICK 
Table 2 - CFD settings 
 
Grid independence study 
 
The accuracy of results also strongly depends on the quality of the mesh. It must be adapted to the problem in order to capture 
all the important features of the flow. The grids of each model is created with tetrahedral cells and mesh refinements along the 
walls allowing good description of viscous layers. Validation of the obtained results is achieved performing a mesh 
independence study and using the GCI method to estimate the discretization error of the model (Celik et al. (1993 & 2008) and 
Roache et al. (1986)). A compromise between accuracy and computing time had to be found. Three grids are created for model 
S1: a coarse grid (h1=867,111 cells), a fine grid (h2=1,987,703 cells) and then a polyhedral mesh that is based on the fine grid 
(h3=376,048 cells). The grid convergence index is calculated for all relevant parameters: the residence time and gas velocity as 
well as the pressure fields because particle tracking results depends on them. This method is not applied to the volume fraction 
due to an unfeasibly high computing time. 
 
Number of 
cells 
h3=376,048; h2=1,984,703; h1=867,111 
𝑟21 2.3 
𝑟23 5.3 
Variables 𝜙=residence time 
(s) 
𝜙=outlet mass rate (kg/s) 𝜙=outlet pressure (Pa) 𝜙=outlet velocity (m/s) 
𝜙1 22.00 0.1561 0.3357 0.0999 
𝜙2 23.77 0.1558 0.3128 0.0959 
𝜙3 21.88 0.1553 0.3059 0.0945 
p 2.1 0.46 2.5 2.45 
𝐺𝐶𝐼𝑓𝑖𝑛𝑒
21  0.43% 0.13 % 0.18 % 3.9 % 
𝐺𝐶𝐼𝑓𝑖𝑛𝑒
32  0.01% 0.37% 5.68% 9.3% 
Table 3 - Discretization error with GCI method between coarse and fine grid 
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GCI is the numerical uncertainty in the fine-grid solution. The discretization error is less than 1% for most of parameters 
which is considered acceptable to interpret the results. The high number of cells is due to the complexity and the asymmetry of 
the geometries. Using a polyhedral mesh reduces the required memory as well as the computing time. During this process, 
Fluent groups tetrahedral cells to form polyhedral cells. Several studies were carried out to investigate the impact of this mesh 
conversion upon the accuracy of the results (Spiegel et al. (2010)). The accuracy of results is not affected and a lower level of 
residuals is reached faster. Convergence with the fine model is difficult and the level of residuals for continuity is around 1e-4 
while using a polyhedral mesh leads to a level around 1e-6. Even if some discrepancy in results are noticed, the compromise in 
faster computing time justifies the conversion of tetrahedral meshes into polyhedral meshes for simulations. The resulting 
number of cells is presenting in Table 4. 
 
Model Number of tetrahedral 
cells 
Number of polyhedral 
cells 
S1 1,984,703 376,048 
S2 4,043,524 700,000 
S3 4,701,922 904,836 
S4 3,631,756 664,124 
S5 4,334,137 825,516 
H1 2,603,724 513,156 
H2 2,742,376 527,104 
H3 2,735,006 524,815 
H4 2,000,000    524,490 
Table 4 - Mesh properties 
Evaluation of performances 
 
The three methods previously described (Single-phase steady state simulation, Particle tracking and Multiphase simulation) are 
applied to assess advantages and drawbacks of each design from numerical simulations. Each method provides a coefficient of 
efficiency and the product of these coefficients defines the overall performance of the model.  
𝜖 = 𝜖1 ∗ 𝜖2 
Where 𝜖1 is the residence time efficiency and 𝜖2 is the solid separation efficiency.  
Moreover, a particular attention is paid to the observation of the liquid volume fraction distribution in the domain from 
Eulerian-Eulerian calculations.  
 
Residence time 
Estimation of the mean residence time of a fluid flowing through a system is difficult as this parameter cannot be obtained 
by only performing classic numerical simulations. Several methods exist and according to Egarr et al. (2004), the most 
accurate one is to create a User-defined Function (UDF) in Fluent which solves the transport equation for scalar 𝜙𝑘 called 
User-defined Scalar (UDS). The code used is presented in appendix B. 
𝜕𝜌ϕk
𝜕𝑡
+
𝜕
𝜕𝑥𝑖
(𝜌𝑢𝑖𝜙𝑘 − Γ𝑘
𝜕𝜙𝑘
𝜕𝑥𝑖
 ) = 𝑆𝜙𝑘      (9) 
 
with Γ𝑘 a diffusion coefficient and  𝑆𝜙𝑘a source term. The scalar actually acts as a tracer and the mean residence time is 
calculated from the rate of the scalar when it enters and leaves each cell. This is equivalent to a source term:   
𝑆𝜙𝑘 =
?̇?Δ𝑡
𝑉
  
Using the facts that ?̇? = 𝜌?̇? and Δ𝑡 =
𝑉
?̇?
 the source term becomes 𝑆𝜙𝑘 = 𝜌. Combining the previous equations gives 
𝜕𝜌ϕk
𝜕𝑡
+
𝜕
𝜕𝑥𝑖
(𝜌𝑢𝑖𝜙𝑘) = 𝜌       (10) 
𝜙𝑘 = 𝑡 is solution of this equation where t represents the length of time fluid has been in the domain. To consider the transport  
by advection only the diffusivity parameter is set to a low value (1e-5). Therefore the distribution of this scalar in the domain 
gives the distribution of the residence time of the fluid. A dimensionless form is obtained in respect to the lowest residence 
time value obtained which defines a separation efficiency 𝜖1 =
𝑡𝑚𝑖𝑛
𝑡𝑚𝑜𝑑𝑒𝑙
.  
 
The mass rates inside the tool are presented in Table 5 for methane flowing at 0.1 m/s. Most of the models allow the same 
entry mass rate (0.4 g/s). Model H1 allows a higher flow (0.6 g/s) whereas other models allow a lower mass rate (<0.2 g/s) due 
to the changes in flow direction (H2 and H4) or to a smaller cavity radius (S4).   
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Models Cavity Mass rate (kg/s) 
S1 0.00037 
H1 0.00063 
S2 0.00045 
S3 0.00040 
S4 0.00025 
H2 0.00023 
H4 0.00010 
H3 0.00039 
S5 0.00034 
Table 5 – Cavity mass rate for methane flowing at 0.1m/s 
 
The length of time that the gas spends in each model is not comparable if the mass rates are different. Therefore the mass rate 
of gas flowing through the pipe is adapted to have a constant mass rate of 0.4 g/s entering each model. This allows comparison 
of the time required for the gas to be replaced in each tool from which the coefficient of efficiency is calculated, as presented 
in Table 6.  
 
Models Residence time (s) Cavity Mass rate (kg/s) Cavity Flow rate (𝐦𝟑/𝐬) 𝝐𝟏(%) 
S1 21.88 0.00037 5.5e-6 0.55 
S2 23.96 0.00045 6.7e-6 0.50 
S3 20.49 0.0004 5.8e-6 0.59 
S4 12.08 0.00049 7.3e-6 1 
S5 20.62 0.00034 5.1e-6 0.59 
H1 68.10 0.0004 5.9e-6 0.18 
H2 42.12 0.0004 5.9e-6 0.29 
H3 49.05 0.00039 5.8e-6 0.25 
H4 28.00 0.00038 5.7e-6 0.43 
Table 6 - Residence time for comparable cavity mass rate 
 
Models using centrifugal separation have higher residence time efficiency. This is due to the fact that the gas enters the cavity 
with a high axial velocity encouraging a faster gas replacement whereas models using inertia disturb the flow direction which 
leads to a lower coefficient of efficiency. Moreover the definition of the cavity is not exactly the same for inertial models 
compared to the others as the cavity outlet is offset. Model H4 is created with no offset and shows a significant lower 
residence time than models H1, H2 or H3. The offset creates a zone of low velocities where gas is trapped and is not replaced 
easily.   
 
 
Grade efficiency curves 
 
Identifying how well particles are separated according to their size and density is achieved with a curve called the grade 
efficiency curve (Gimbun et al. (2000) and Svarovsky et al. (1990)). Injections of spherical solid particles are simulated for 
different densities: 𝜌𝑜𝑖𝑙 = 800 kg/m
3 and 𝜌𝑠𝑎𝑛𝑑 = 2500 kg/m
3. Mono-dispersed particle diameter distributions are used to 
feed the domain. The particle diameters range from 100 microns to 1mm. Separation is investigated at low gas velocity 
(V=0.1m/s), however in real conditions this velocity does not allow all particles sizes to flow with the gas because of their 
mass. The effects of velocity on separation efficiency is presented in appendix E from simulations performed only for model 
S1. The settling velocity must be taken into account. According to Stokes drag law 𝑉𝑠𝑒𝑡𝑡𝑙𝑖𝑛𝑔 = (𝑔(𝜌𝑝 − 𝜌𝑓 ) 𝑑𝑝^2)/(18 𝜇𝑓) 
and according to the Newtonian drag law  𝑉𝑠𝑒𝑡𝑡𝑙𝑖𝑛𝑔 = 2.46 ((𝑔(𝜌𝑝 − 𝜌𝑓 )𝑟𝑝)/( 𝜌𝑓 ))^(1/2)   . The range of maximal 
diameters of particles transported by methane at 0.1 m/s derived from these are calculated in Table 6. 
 
 
 
Velocity 
(m/s) 
Density (𝐤𝐠/𝐦𝟑) 
𝒅𝑺𝒕𝒐𝒌𝒆𝒔 = (𝑉𝑔𝑎𝑠 ∗
18.𝜇𝑓
𝑔 𝛥𝜌
)
1
2
 (microns) 𝒅𝑵𝒆𝒘𝒕𝒐𝒏𝒊𝒂𝒏 𝒅𝒓𝒂𝒈 𝒍𝒂𝒘 =
2
2.462
𝜌𝑓
𝑉𝑔𝑎𝑠
2
𝑔 Δ𝜌
 (microns) 
0.1 800 53 48 
2500 29 14 
Table 7 - Diameter of particle flowing into a gas under gravity 
 
 
 
Numerical Simulation and Optimisation of Gas-Solid-Liquid Separator  - 9 - 
Gravity effects prevent investigation of separation of particles in the range of diameter considered (from 100 microns to 1 mm) 
(Table 7). Therefore, gravitational forces are disabled during particle tracking simulations. The method records the number of 
particles entering the cavity, after being injected at the inlet of the pipe. Hereby strategic surfaces are created to calculate the 
particle’s properties that enter (such as the number of particles and their velocity). Separation efficiency is defined as  ϵ2 =
1 − (number of particles in the cavity)/(total number of particles injected) = 1 − Ncavity/(Ninlet  ) and is illustrated in 
Figure 11. The zones defining the cavity for each model are specified in Table 1.  Therefore this efficiency is the ratio of 
particles injected into the pipe that do not enter. These surfaces are defined in Fluent as “interior surfaces” and the method to 
maintain them while converting the mesh into a polyhedral mesh is explained in Appendix D. 
 
Figure 11 - Definition of the separation efficiency 
 
Effects of the spin intensity 
 
Grade efficiency curves for models S1, S2, S3 and S5 are presented in Figure 12 for oil droplets behaving as solid particles 
and in Figure 13 for sand particles. Figure 12 and Figure 13 clearly show the gain in efficiency due to increased spin intensity 
by incorporating a screw shaped flow path. At low velocities and low spin intensity, a small-sized centrifugal separation 
allows less than 4% of particles entering the cavity. The separation efficiency increases with the intensity of the spin, removing 
up to 98-99% of the particles which is consistent with the theory of helical flows. The velocity of a particle in a helical 
movement depends on the rotation angle. Varying the spin leads to a noticeable increase in separation efficiency from 96-97% 
to 98-99%. The increase from the model without any spin (model S5) is presented in Table 10. For sand particles bigger than 
600-700 microns, the centrifugal method reaches a limit, where no separation improvement between a moderate and a high 
spin intensity can be observed (Figure 4). The behaviour of particles follow the same trend for each model and for both 
densities. 
 
 
Figure 12 - Grade efficiency curves of models S1 S2, S3 and S5 for particles of oil  
 
For small particles (below 300 microns) the results are not conclusive. In model S1 100 microns particles are well separated at 
low density (98%) but poor for a higher density (82%).  Only small discrepancies are noticed when comparing results obtained 
from a tetrahedral mesh to a polyhedral mesh. These results can therefore be interpreted as characteristic behaviour of the 
separator. When particles are smaller than 300 microns, they flow with the mist without being affected by the tool and the 
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separation process. As very few particles enter the cavity the separation efficiency remains high. At the point where they reach 
a critical diameter (above 300 microns) a drop in separation efficiency is observed for all models. The particle mass becomes 
significant allowing more to enter the tool due to their size. These, however, are still too small to be affected by the centrifugal 
separation as this depends on diameter and density. The centrifugal separation from the spiral flow of models S1, S2 and S4 
becomes efficient for diameters from 600 microns for low density to 350 microns for high density. This interpretation is 
validated by comparing Figure 12 and Figure 13 which follow the same trend slightly shifted. Above this threshold diameters, 
centrifugal forces increase with particle diameter as well as the separation efficiency. The heavier the particle the better the 
separation. Below a specific mass, models using centrifugal separation are not efficient enough to prevent particles from 
entering the cavity. 
 
 
 
 
 
The pitch of the screw shape that induces the spiral flow is also a parameter of investigation. The separation length required 
for an axial flow given an initial swirl velocity is investigated in Appendix C. Comparing models S1, S2 and S3 to model S5 
provide the number of particles removed from the spiral flow by the screw. Without the screw shape, up to 90% of particles 
injected in the pipe do not enter the cavity due to the smaller size of the tool in comparison to the pipe. 
 
Effects of the radius of the cavity 
 
Model S4 and S1 have the same spin intensity, they differ only in the entry radius of the cavity, which is smaller for model S4. 
Results from particle tracking for model S4 are presented in Figure 14. As noticed previously, below a critical diameter, 
particles are too small to be affected by the centrifugal forces in the spiral flow and they therefore flow along the axis of the 
screw. This leads to the conclusion that reducing the radius of the cavity inlet leads to a better separation of small particles. 
 
 
Figure 14 - Grade efficiency of model S1 and S4 
 
Effects of baffles and changes in flow direction 
 
Model H2 and H3 are improved models based on model H1. In addition to rate control, baffles are introduced that create 
sudden changes in the flow direction. The cavity mass rate is reduced and particles that would have entered the tool are 
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Figure 13 - Grade efficiency curve of models S1, S2, S3, and S5 for sand particles 
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bounced off the walls and do not flow through the chamber, resulting in improved separation efficiency (Figure 15). For the 
range of diameters considered, the separation efficiency varies between 99 to 100% with baffles. This is approximately 2-3% 
more than for model H1 without baffles. The separation hereby relies on the high difference between particles and gas density, 
hence, the same results are observed for 𝜌 = 800 kg/m3 and 𝜌 = 2500 kg/m3 . The same results are observed for models H1 
and model H4 which is not presented. 
 
 
Figure 15 - Grade efficiency of models H1, H2, H3 
 
Table 8 presents average separation efficiencies for each design over the range of particles considered as well as the standard 
deviations. 
 
 𝝆𝒑𝒂𝒓𝒕𝒊𝒄𝒍𝒆𝒔 = 𝟖𝟎𝟎 𝐤𝐠/𝐦
𝟑 𝝆𝒑𝒂𝒓𝒕𝒊𝒄𝒍𝒆𝒔 = 𝟐𝟓𝟎𝟎 𝐤𝐠/𝐦
𝟑 
Models Average 𝝐𝟐 (%) Standard deviation Average 𝝐𝟐 (%) Standard deviation 
S1 97.62 0.93 98.89 1.18 
H1 97.26 0.33 97.23 0.33 
S2 97.92 1.03 98.07 1.02 
S3 99.36 0.56 99.62 0.32 
S4 99.26 0.33 99.52 0.47 
H2 99.81 0.21 99.82 0.13 
H3 99.72 0.25 99.79 0.18 
S5 88.76 3.96 93.97 5.56 
Table 8- Separation efficiency 
 
The separation is very efficient for all the models except model S4 which provides information about the performance using a 
spiral flow. These high separation efficiencies are mainly due to the small size of the separators compare to the pipe (the radius 
of the pipe is 3 times bigger than the radius of the separator). Results confirm that very few particles enter the tool at a loading 
of 1% of particles because they tend to be equally distributed in the domain at injection. Even if results lie within the same 
range, the best separation is achieved with the adoption of baffles. Table 9 presents the pressure drop coefficient of each 
design considering the difference of pressure between the pipe and the cavity of the separator.  
 
Models S1 H1 S2 S3 S4 H2 H3 S5 
𝑃𝑖𝑛𝑠𝑖𝑑𝑒  (pascal) 0.1 0.08 0.11 0.11 0.056 0.043 0.043 0.11 
𝑃𝑜𝑢𝑡𝑠𝑖𝑑𝑒(pascal) 0.019 0.028 0.0044 0.0038 0.023 0.018 0.019 0.059 
𝑉𝑖𝑛𝑙𝑒𝑡 (m/s) 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 
𝜉 =
Δ𝑃
1
2 𝜌𝑉𝑖𝑛𝑙𝑒𝑡
2
=
Pinside − Poutside
1
2 𝜌𝑉𝑖𝑛𝑙𝑒𝑡
2
 0.24 0.16 0.32 0.32 0.098 0.07 0.07 0.15 
Table 9 - Pressure drop coefficient 
 
The coefficient is proportional to the pressure drop and the response of the separator towards the flow. Centrifugal separations 
create a higher pressure drop than the other separations, an attribute from the created spiral flow. This higher pressure drop is 
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consistent with the residence times found previously. The higher the pressure drop, the faster the flow. However the coefficient 
𝜉 remains low for all models because the mass rate inside each model remains very low. As presented in Table 10, the 
separation is enhanced when the rotational angle (spin) of the screw-shaped inlet increases. From a base case with no 
rotational effects (model S5) the separation efficiency increases up to 6% (model S3) and is enhanced to approximately the 
same value by decreasing the entry radius (model S4).  
 
 𝝆𝒑𝒂𝒓𝒕𝒊𝒄𝒍𝒆𝒔 = 𝟖𝟎𝟎 𝐤𝐠/𝐦
𝟑 𝝆𝒑𝒂𝒓𝒕𝒊𝒄𝒍𝒆𝒔 = 𝟐𝟓𝟎𝟎 𝐤𝐠/𝐦
𝟑 
Models Gain from model S5 Gain from model S5 
S1 +9% +5% 
S2 +9% +4% 
S3 +11% +6% 
S4 +11% +6% 
Table 10 – Gain in efficiency from centrifugal separation 
 
The same comparison for models H2 and H3 in terms of gain in efficiency from model H1 is presented in Table 11. As 
expected there is no difference in performance for different particles densities, where a small increase of 3% was obtained. 
This is of importance as these models provide the best solid separation efficiencies (99.8%).  
 
 𝝆𝒑𝒂𝒓𝒕𝒊𝒄𝒍𝒆𝒔 = 𝟖𝟎𝟎 𝐤𝐠/𝐦
𝟑 𝝆𝒑𝒂𝒓𝒕𝒊𝒄𝒍𝒆𝒔 = 𝟐𝟓𝟎𝟎 𝐤𝐠/𝐦
𝟑 
Models Gain from model H1 Gain from model H1 
H2 +3% +3% 
H3 +3% +3% 
Table 11 – Gain in efficiency from inertial separation 
 
Discussion of ranking  
 
A compromise to rank designs in respect to the gas residence time and the particles separation efficiency is achieved by 
calculating an overall performance for each model (Table 12). Even if they do not provide the best separation efficiency, the 
residence time is much lower in models using spiral flow and their overall performance is better (S4>S3>S1>S2). Model S4 
shows the best performance due to a good combination between a high separation efficiency (99.55%) and a low residence 
(12s). Due to a smaller radius, at comparable mass rate, the velocity is twice higher in the cavity of model S5 than S1 which 
affects strongly the residence time. Model H1 and H2 show the worst performance because of the offset outlets whereas model 
H4 gives an acceptable efficiency. 
Models 𝜖1 𝜖2 𝜖1 ∗ 𝜖2 Rank 
S1 0.55 0.9889 0,54 3 
S2 0.50 0.9807 0,49 4 
S3 0.59 0.9962 0,59 2 
S4 1 0.9952 0,99 1 
S5 0.25 0.9397 0,23 8 
H1 0.18 0.9723 0,17 9 
H2 0.29 0.9982 0,29 7 
H3 0.43 0.9979 0,43 5 
H4 0.59 0.9723 0.41 6 
Table 12 - Final results and ranking 
 
Discussion of Liquid volume fraction distribution 
 
Based on Eulerian-Eulerian’s multiphase flow conditions, the separator must avoid the accumulation of liquid droplets along 
the walls in particular inside the tool, as this will lead to re-entrainment of droplets due to strong shear stress occurring at high 
gas velocities. To investigate the impact of gravity on small-diameter liquid droplets (100 microns), a higher gas velocity is 
simulated (V=5 m/s) ensuring the transport of droplet by the gas. Initially, only gas is present in a vertical pipe. For this study, 
the mist injected at the inlet of the pipe is composed of 5% liquid water and 95% methane. The convergence of residuals in 3d 
Eulerian-Eulerian problems is inherently difficult in CFD. The complexity of the geometries makes it difficult to obtain 
acceptable convergence of results in steady-state simulations. A transient solver helps mitigating this problem however the 
computing time is very high. Adapting the time step allows to obtain a distribution of liquid volume fraction that allows 
identifying areas of liquid accumulation. The number of time steps is chosen in respect to the size of the separator and the 
velocity of the mist. The simulation is run for 300 time steps with 30 iterations each for  Δ𝑡 = 10−3𝑠 to identify where phases 
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separate. Figure 16, Figure 17, Figure 18 and Figure 19 present the water volume fraction at t=0.3s for following models: S1, 
S3, H1 and H2. Gravity (green arrow) opposes to the flow direction (black arrow). 
 
Figure 16 - Model S1 
 
 
Figure 17 - Model S3 
 
Figure 18 - Model H1 
 
 
Figure 19 - Model H2 
Table 13 - Contour of liquid volume fraction 
 
High quantity of liquid enters the chamber of models S1 and H1 which is in agreement with the results from particle tracking. 
A constant flux of particles is injected (transient process) which will accumulate if the separation is not efficient enough. They 
coalesce and form liquid film along walls as observed in models S1, S3 and H1. These films can break-up due to instability 
and cause a re-entrainment of droplets as occurring under specific conditions investigated by Ishii and Grolmes (1975). In this 
study they developed a re-entrainment criterion depending on the shear stress between the two phases and the gas and liquid 
properties. However formation and stability of the liquid film were not investigated as an additional model would be required 
(Eulerian wall film model) which was not feasible for computing time reasons. Model S3 prevents droplet from entering the 
chamber but some areas, however areas of liquid accumulation can still be observed, mainly confined to the screw-shaped 
inlet. The behaviour of droplets in model S5, S4 and H3 is presented in Appendix F (Figure 23, Figure 24 and Figure 25), for 
all cases droplets enter the cavity. Settling from gravity is observed in model H1 where particles accumulate in the chamber 
due to zones of low velocities where gas cannot transport particles anymore. Model H2 demonstrates gas flow entirely free of 
particles. Droplet accumulation is controlled along the baffles. This is a transient process, therefore the drain will fill and 
droplets will be possibly re-entrained into the cavity after settling. Small secondary outlets should be used to clear the drains 
out.  
 
 
Discussion and Conclusions 
 
The application of the separator will ultimately govern the design of the separator. For small-sized separators either a low 
residence time or high separation efficiency can be achieved. The results confirm that both criteria cannot be satisfied.  
 
Centrifugal separation processes are less efficient for low gas velocities and for small particles, however the separation process 
is very fast, allowing a larger quantity of gas to be separated and a fast and continuous replacement of the gas in the cavity. 
The spin intensity of the screw-shaped inlet enhances the separation of sand particles but at the same time encourages more 
contact between liquid droplets. This results in the unfavourable formation of liquid-films along surfaces. A better separation 
of small particles can be achieved by increasing the gas velocity, however re-entrainment of droplets is expected as observed 
in model S4. Small scale centrifugal separation shows a limited efficiency compared to high scale cyclone separator. The 
tangential velocities involved give a poor separation of small particles below 500 microns. In comparison, a cyclone separator 
achieves separation of particles in the 10 micron size range at moderate velocity. 
The best separation efficiency can be obtained from inertial models at high operation efficiency even for small particles. The 
disadvantage of this type of tested models is that they involve a higher residence time. Sudden changes in flow direction 
prevent particles from flowing into the tool but creates zones of low velocities where gas is not replaced easily. This however 
results in a gas entirely free of particles as demonstrated with model H2. Small scale inertial models allow the clean gas to 
flow into the tool but not at a continuous rate. This is because of a low pressure drop, so consequently, a low mass rate. 
Settling of particles was observed for model H1, H2 and H3 at a late stage in the transient process as a result of decreasing gas 
velocity in the tool. It is recommended to use a system with secondary outlets to drain the accumulated droplets out of the 
system. 
Considering the small size of the tool compared to the pipe, only very few particles are affected by the separation process as 
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most of them flow away from the production logging tool. This study shows that even under the difficult operation and 
environmental conditions of the production logging tools, an efficient separation process is achieved. Because the velocity 
direction cannot be controlled, the gravitational forces cannot be used to separate. Size limitation due to the confined operation 
space makes it complicated to ensure a total separation at a fast and continuous gas flow with one single separation process. 
Further design changes to this inertial models could without doubt render the residence time equivalent to the centrifugal 
separators.  However, the results contribute a significant part in the optimisation of centrifugal (S1) and inertial (H1) 
separators. It is found that models S3 and model H2 both give the best performances respectively to the others models of their 
category. Combining mechanisms from these models should be investigated.  
 
From this study, the following observations and conclusions can be derived: 
 
 
1. Models relying on baffles and inertia effects are very efficient in separating particles of a wide range of sizes [100 
microns – 1 mm]. No accumulation of liquid is expected when baffles and appropriate zones of drainage are 
incorporated into the design. 
 
2. Centrifugal separation models operate at low velocity with a low residence time: their performance increases 
proportional with velocity and spin intensity, however this is limited as the screw-shaped inlet cannot separate small 
particles out. Another disadvantage of this separator is the large accumulation areas of the screw that provokes liquid 
accumulation. Increasing the gas velocity would break-up the formed liquid films which would lead to an undesired 
entry of the droplets into the gas stream.   
 
3. In respect to separator design, the liquid volume fraction distribution within the domain is found to be of importance. 
It is inherently difficult to obtain good convergence in multiphase simulations due to the complexity of the geometries. 
The quantification of liquid droplet separation efficiency is complex to perform but it identifies fluid accumulation 
zones. Hereby a visual result output gives more conclusive evidence than quantification.   
 
4. Particle tracking is a fast and accurate method to quantify the separation efficiency as it only depends on single-phase 
flow calculations. Performing multiphase calculations (analytically) is complicated and tedious when used to quantify 
separation of liquid droplets. 
 
Recommendations for Further Study 
 
To use the obtained results to further improve the understanding about these separation processes: 
 
1. Effects of gravity direction in the Eulerian-Eulerian method must be investigated and their impacts upon liquid 
accumulation within the asymmetric models.  
2. A higher loading of particles injected should be considered and tested. 
3. The influence of droplet viscosity upon formation of liquid film should be further investigated.   
4. An Eulerian wall film model should be coupled to a particle tracking analysis enabling investigation on the conditions 
of particles re-entrainment.  
 
Nomenclature  
𝜌 – density [kg/m^3] 
k – turbulent kinetic energy 
𝜇 – viscosity [m^2/s] 
x – coordinate x-axis [m] 
𝜖 – efficiency [-] 
I – intensity of turbulence [%] 
Re – Reynolds number [-] 
𝜏 – time constant 
 
Abbreviations 
 
𝐶𝐷 – drag coefficient 
𝛼 – phase volume fraction [-] 
t – time [s] 
S – source term 
d- particle diameter [m] 
V – velocity [m/s] 
P- Pressure [Pa] 
N- number of particles 
CFD – Computational Fluid Dynamics 
DPM- Discrete Phase Model 
UDF – User-defined Function 
UDS – User-defined Scalar 
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Appendix A: Literature Review 
 
 
 
Paper n/ 
Document Year Title Authors Contribution 
Journal of 
Process 
Mechanical 
Engineering 
2004 
 
“Computational Fluid Dynamic prediction of 
the residence time distribution of a prototype 
hydrodynamic vortex separator operating 
with a base flow component” 
Egarr et al. 
The UDS approach is the 
most accurate method to 
estimate the residence time 
- 2004 
“A CFD Study on the prediction of cyclone 
collection efficiency” 
Gimbun et 
al. 
The particle tracking (DPM) 
was proved to be accurate in 
quantification of particle 
separation 
Computer 
Methods in 
Biomechanic
s and 
Biomedical 
Engineering 
2010 
“Tetrahedral vs. polyhedral mesh size 
evaluation on flow velocity and wall shear 
stress for cerebral hemodynamic simulation” 
Spiegel et 
al. 
Converting a tetrahedral mesh 
into a polyhedral mesh allow 
a faster and easier 
convergence and provide high 
accuracy 
SPE 66500 2000 
“CFD study of Bubble carry-under in Gas-
Liquid Cylindrical Cyclone separator” 
Erdal et al. 
The RNG k-epsilon model of 
turbulence is appropriate for 
flow with moderate swirl 
Journal of 
Fluid 
Engineering 
2008 
“Procedure for Estimation and Reporting of 
Uncertainty due to Discretization in CFD 
Applications” 
 
Celik et al. 
The error due to discretization 
is calculated with the Grid 
Convergence Index 
Table 14 - Key milestones related to this study 
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“Computational Fluid Dynamic prediction of the residence time distribution of a prototype 
hydrodynamic vortex separator operating with a base flow component”, Journal of Process 
Mechanical Engineering (2004) 
 
Authors: Egarr, D.A., Faram, M.G., O’Doherty, T., Phipps, D.A. and Syred, N. 
 
Contribution:  
 
This paper reviews methods of determination of the residence time in a centrifugal separator. These methods are the discrete 
phase prediction and the user-defined scalar approach. The results are compared and user-defined scalar approach shows a 
better match with experimental data.  
 
Objective of the paper: 
 
This papers aims to compare two methods available in CFD to estimate the residence time in a separator and to find the more 
accurate one from comparison with experimental data. 
 
Methodology used: 
 
Experiments were carried out by Alkhaddar et al. (1999) on a Hydrodynamic Vortex Separator. A scaled CFD model of this 
separator is created and particle tracking is first applied to estimate the residence time as determined from the time each 
particles leaves through an outlet. Then the User-defined Scalar approach is applied. This scalar acts as a tracer to calculate the 
mean residence time. The author reviews theoretical aspects found by Alkhaddar et al. (1999) about the residence time 
distribution calculations. Then the CFD results from simulations are compared to experimental data. 
 
Conclusion reached: 
 
- The UDS approach compares more closely with experimental data than the DPM method 
- UDS is faster because when solving the transport of UDS, all other flow equations can disabled  
- A contour plot of mean residence time can be viewed from UDS which is very useful to investigate zones of 
accumulation. 
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“A CFD Study on the prediction of cyclone collection efficiency”, (2004) 
 
Authors: J. Gimbun, Thomas S.Y. Choong, T.G. Chuah and A. Fakhru’l-Razi 
 
Contribution:  
 
The paper presents a method to quantify the performances of a cyclone separator. CFD simulations can predict very well 
cyclone collection efficiency using the particle tracking or DPM method. The grade efficiency curves obtained from CFD 
simulations match closely with experimental data under operational conditions of high pressure and high temperature. This 
papers also reviews the models of turbulence used in FLUENT and their advantages and drawbacks in the case of swirling 
flows. 
 
Objective of the paper: 
 
This paper compares grade efficiency curves obtained from CFD simulations, empirical models and experimental data to find 
limits of these empirical models.  
 
Methodology used: 
 
Empirical models have been developed (Ioza and Leith, Li and Wang, Koch and Licht and Lapple models). They provide 
correlations to calculate the collection efficiency as a function of the cyclone geometrical properties. Experiments were carried 
out on several different design of cyclone separator and the experimental collection curves are known. Scale CFD models are 
created for simulations and experimental data are compared to CFD results and to the empirical predictions. 
 
Conclusion reached: 
 
- CFD predicts well the cyclone efficiency and cut off size for any operational conditions (high Pressure and 
Temperature) 
- Good match between CFD and experimental data 
- RNG k-epsilon model of turbulence is appropriate to investigate moderate swirl effects in separators using centrifugal 
forces 
- DPM particle tracking quantifies quickly and well the separation even for small particles (below 10 microns)  
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“Tetrahedral vs. polyhedral mesh size evaluation on flow velocity and wall shear stress for cerebral 
hemodynamic simulation”, Computer Methods in Biomechanics and Biomedical Engineering 
(2010) 
 
Authors: Martin Spiegel, Thomas Redel, Y. Jonathan Zhang, Tobias Struffert, Joachim Hornegger, Robert G. Grossman, Arnd 
Doerfler, Christof Karmonik 
 
Contribution: 
 
This papers presents a comparison between CFD results obtained from a tetrahedral mesh to the one obtained with a 
polyhedral mesh using FLUENT.  
 
Objective of the paper:   
 
This paper aims to show that the use of polyhedral meshes reduces the computing time in simulations allowing application of 
CFD for medicine problems (Cerebral blood flow simulation of aneurysms). 
 
Methodology used: 
 
Steady-state simulations are performed to compare results obtained with a tetrahedral and a polyhedral mesh as well as the 
computing time required. The results are compared in respect to computational convergence, velocity convergence, Wall shear 
stress convergence. Unsteady simulations are also performed with variation of time step to assess the effects. 
 
Conclusion reached: 
 
- Polyhedral mesh present a better convergence, a shorter computing time and a high wall shear stress accuracy. 
- Application of clinical problems using CFD is possible 
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“CFD study of Bubble carry-under in Gas-Liquid Cylindrical Cyclone (GLCC) separator”, SPE 66500 
(2000) 
 
Authors: F.M. Erdal, S.A. Shirazi, I. Mantilla, O. Shoham 
 
Contribution: 
 
This paper is an application of Multiphase flows and particle tracking in a separator to investigate swirling flow effects such as 
the bubble carry-under. The model of turbulence RNK k-epsilon is appropriate to model the flow and also lead to a good 
estimation of the collection of the separator. The turbulent dispersion of particles is a sensitive parameter and must be taken into 
account for more realistic model with a representative number of “tries” which are the number of additional trajectories 
calculated. 
 
Objective of the paper: 
 
The paper aims to investigate the effects of the gas-liquid free interface on the flow field below the inlet of a cyclone separator 
and the behaviour of small gas bubbles. This investigation is made by visualisation performing simulations with the software 
CFX and using particle tracking. 
 
Methodology used: 
 
Simulations of single-phase and two-phase flow performed using high-Re and several models of turbulence (RSM and RNG k-
epsilon). The sensitivity of the results to the turbulent dispersion of particles is also investigated by performing simulations with 
and without turbulent dispersion. 
 
Conclusion reached: 
 
- Turbulent dispersion must be considered for a more realistic model 
- Results from RSM and RNK k-epsilon models of turbulence are similar but the RNG k-epsilon is faster 
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“Procedure for Estimation and Reporting of Uncertainty due to Discretization in CFD 
Applications” 
Authors: Celik, I.B., Ghia, U., Roache, P.J. and Freitas C.J. 
Contribution: 
 
This paper presents a method to calculate the discretization error in CFD. 
 
Objective of the paper: 
 
The paper provides a guideline to calculate and report the discretization error. 
 
Methodology used: 
 
This method developed by Roache (1994) compares 3 grids: a coarse one, a refined one and a very refined one. The objective 
is to compare the final value of a variable ϕ after convergence of each model. Each model is defined by a representative cell 
size h. We first calculate the grid refinement factor defined as: 
r21 =
h2
h1
 
The error between each model is: 
ϵ21 = ϕ2 − ϕ1 
Then we calculate the apparent convergence order p of the method using: 
p =
1
ln r21
|ln |
ϵ32
ϵ21
| + q(P)| 
Where  q(P) = ln (
r21
P −s
r32
p
−s
) and s = 1. sign(
ϵ32
ϵ21
). 
This method needs a trial and error process. “q” is calculated with a guess on the value of p, when its equals the value of p 
obtained from the convergence order equation we have found the correct value. 
 
Extrapolated values are calculated from: 
ϕext
21 =
r21
p
ϕ1 − ϕ2
r21
p
− 1
 
The approximate relative error is: 
ea
21 = |
ϕ1 − ϕ2
ϕ1 
| 
The extrapolated relative error is: 
eext
21 = |
ϕext
12 − ϕ1
ϕext
12 | 
 
 
Finally, the fine grid convergence index GCI is: 
GCIfine
21 = 1.25
ea
21
r21
p
− 1
 
 
This parameter informs about the numerical uncertainty in the fine-grid solutions for the variable ϕ considered. 
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Appendix B: Code to calculate residence time with Fluent UDF 
 
We use a User-defined functions (UDF) to compute fluid residence time. It was showed that this method gives faster and more 
accurate results and involves less processing than others (Discrete phase model) by comparison with experimental data. 
The source code for UDF in C programming language is below (*.c) 
 
 
#include "udf.h" 
DEFINE_SOURCE(rt_source,c,t,dS,eqn) 
{ 
real source = C_R(c,t); 
dS[eqn] = 0.0; 
return source; 
} 
 
 
Appendix C: Method to estimate the separation length in axial swirling flow 
 
The screw-shaped inlet gives a tangential velocity to the fluid called swirl velocity. This additional velocity comes from the 
forced spiral flow. In spiral or helical flow, a fluid particle has both an axial and a tangential velocity component. The higher 
the swirl, the higher the centrifugal forces and the smaller the separation length. The separation length is estimated by injecting 
particles in an axial flow of gas with an initial swirl velocity. The ratio between the swirl velocity and the axial velocity is 
called U*. From the model S1, it was first considered that particles have the same swirl than the fluid (U*=0.23), then the 
actual tangential velocity of particles was considered (U*=0.07), lower due to reflection of particles at walls. The separation 
length is defined as the length at which particles are all in the upper section of the pipe (Figure 20).   
 
 
Figure 20 – Separation length in axial swirling flow 
 
The dimensionless separation length is presented below. 
 
Figure 21 - Dimensionless separation length 
 
The spin from model S1 does not involve high swirl velocities, hence the separation length is high. In the ideal case where 
particles would have the exact same velocity as the fluid, this length is approximately 10 times the radius. In reality this is 
more than 30 times the radius which is required for a good separation. Due to the limited size of the tool, this aspect cannot be 
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optimised.  
 
 
Appendix D: DPM tracking using Polyhedral meshes 
 
 
A method to reduce computing time is to convert a geometry meshed with tetrahedrons into polyhedrons. A tetrahedral grid is 
converted to polyhedral in Fluent which improve the mesh quality and reduce cell count significantly. However during the 
conversion process all the interior boundaries created for post-processing (like in DPM) are lost. In the DPM method we need 
to preserve some interior zones using the following command prior to the conversion: 
 
Mesh> Polyhedra > Options > preserve-interior-zones > [“    character string common to preserved zones   “] 
 
Using this command allows us to record the number of particles flowing through a specific inlet or outlet in an open system. 
From literature and CFD journals it was found that compared to other types of mesh, polyhedral lead to faster and robust 
convergence to lower residual values with fewer iterations and with less computing time even though the result accuracy is 
reduced. 
 
 
 
Appendix E: Effects of velocity on separation for model S1 
 
Effects of gas velocity on the separation were investigated (Figure 22). As expected with a centrifugal separation, the process 
is enhanced at high gas velocities. However the separator is still limited in the separation of small particles which are not 
prevented from entering the chamber of the separator. 
 
 
Figure 22 - Influence of velocity in model S1 
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Appendix F: Liquid volume fraction distribution for model S5 and H3 
 
As explained, model S5 (Figure 23) and H3 (Figure 25) show undesirable effects of liquid accumulation and flow of droplets 
through the chamber is also observed (Figure 24). 
 
 
Figure 23 - Model S5 
 
 
Figure 24 - Model S4 
 
 
Figure 25 - Model H3 
In model H3, droplets coalesce and due to gravity they will settle at the bottom of the separator. They also accumulate along 
the walls and because the gas accelerates when the section decreases (around the physical obstacle) they are re-entrained into 
the chamber. In mode S5 there is no screw-shaped inlet, just an opening, therefore a poor separation occurs due to the low 
mass rate within the tool. It is observed liquid films along the walls of the chamber of the separator. Even if model S4 has 
showed the best performances in particle tracking analysis, the liquid film of droplets formed is re-entrained due to the 
decrease of the radius resulting in an increase of gas velocity. 
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